Introduction
Human vision can be roughly divided into central vision and peripheral vision. In the visual cortex, the number of neurons devoted to the processing of a given size of visual stimulus decreases from fovea to periphery, a phenomenon known as cortical magnification (Daniel & Whitteridge, 1961) . As a result, spatial resolution (visual acuity) decreases from fovea towards peripheral visions (Anton-Erxleben & Carrasco, 2013) . It follows that peripheral vision plays a secondary role in object recognition and scene perception relative to central vision. Nevertheless, peripheral vision plays an important role in guiding attention (Larson & Loschky, 2009 ) and detecting motion (McKee & Nakayama, 1984) .
Among the studies of peripheral vision, crowding and surround suppression have attracted a lot of attention. Both phenomena reduce performance in psychophysical tasks.
Surround suppression is an inhibition of the central excitatory zone when surrounding areas are stimulated (e.g., Kapadia, Westheimer, & Gilbert, 1999) . It occurs in both fovea and periphery, but more intensely in periphery (Petrov, Carandini, & McKee, 2005; Snowden & Hammett, 1998; Xing & Heeger, 2000) . Crowding, on the other hand, is believed to be extremely weak, if not absent, in the fovea (Chung, Levi, & Legge, 2001; Levi, 2008; Levi, Hariharan, & Klein, 2002; Parkes, Lund, Angelucci, Solomon, & Morgan, 2001; Pelli, Palomares, & Majaj, 2004; Pelli & Tillman, 2008 ; but see Lev, Yehezkel, & Polat, 2014) . Crowding is believed to be a fundamental bottleneck on visual perception and object recognition in peripheral vision (Levi, 2008) .
The two phenomena share a lot of common properties. Both are primarily observed in periphery (Bouma, 1970; Petrov et al., 2005; Xing & Heeger, 2000) , both demonstrate orientation tuning (Andriessen & Bouma, 1976; Levi et al., 2002; Petrov et al., 2005; Xing & Heeger, 2001) , and spatial frequency tuning (Chung et al., 2001; Petrov et al., 2005) , etc. However, they have been treated as different phenomena because they have a few different properties as well as distinct interpretation models. Surround suppression is usually interpreted in the context of an inhibition model: neurons have a specific excitatory region, with activations outside this region giving rise to inhibitory influences on central region (Jones, Grieve, Wang, & Sillito, 2001) . With respect to the source of the inhibition, Smith (2006) summarized that it could be from either nearby neurons in V1 (via horizontal connection), extrastriate cortex (via feedback), or neurons in LGN (via feedforward). By contrast, crowding is thought to be caused by the limitation of spatial resolution in periphery (He, Cavanagh, & Intriligator, 1996; Strasburger, 2005) , and often interpreted by pooling models (Freeman, Chakravarthi, & Pelli, 2012; Greenwood, Bex, & Dakin, 2009 Parkes et al., 2001; Pelli et al., 2004; Poder & Wagemans, 2007) , or a probabilistic substitution model (Ester, Klee, & Awh, 2014; Freeman et al., 2012) . Specifically, pooling models posit that due to position uncertainty (Strasburger, Harvey, & Rentschler, 1991) , visual systems tend to show compulsory pooling (e.g., averaging) of features from a larger field which includes features from both target and flankers (Freeman et al., 2012; Greenwood et al., 2009 Greenwood et al., , 2010 Manassi, Sayim, & Herzog, 2012) . As a result, the target becomes unrecognizable.
However, the results explained by pooling models could also be accommodated by a substitution model, which model posits that the people sometimes report features of the flankers instead of the features of the target. Ester et al. (2014) analyzed the orientations reported by observers, which showed that the distribution of observers' report errors was bimodal, not unimodal. The two peaks centered over targets and distractors' orientations, fitting perfectly into the substitution model.
In addition to the varying interpretation models, different properties of surround suppression and crowding are also observed. In the seminal work on crowding by Bouma (1973) , it was found that an outward-facing mask had a more effective inhibition effect than an inward mask. This result was confirmed by other researchers (e.g., Manassi, Sayim, & Herzog, 2012) . Thus the inward-outward asymmetry is a robust effect in crowding (Bex, Dakin, & Simmers, 2003; Bouma, 1973; Farzin, Rivera, & Whitney, 2009; Manassi et al., 2012; Petrov, Popple, & McKee, 2007) .
However, the asymmetry is not observed in surround suppression (Nurminen, Kilpelainen, & Vanni, 2013; . Therefore, regarded the examination of inward-outward asymmetry as a "litmus test" to discriminate between the two phenomena.
To sum up, though surround suppression and crowding are very similar, they also have their own unique characteristics. Thus our first goal was to ask what factors make them different. By comparing different aspects of surround suppression and crowding, we found that different stimuli and tasks were employed in previous studies when examining the two phenomena. Crowding mainly affects discrimination and identification (He, Cavanagh, & Intriligator, 1997; Pelli et al., 2004) , with a negligible influence on detection of target (Andriessen & Bouma, 1976) . Thus crowding experiments use discrimination or identification tasks (e.g., "what is the orientation of the central grating?") and small localized nearby "masks" (i.e., flankers). By contrast, surround suppression most often uses large surround annuli and most studies use detection tasks (e.g., "Is there a sinusoidal grating?") in previous studies (see Table 1 and Figure 1) . Therefore, it's unclear whether the discrepancies between crowding and surround suppression derive from stimuli or task differences or they are in reality the same phenomena. Another line of research was conducted in fine spatial frequency or orientation discrimination task in conjunction with a surround mask ("center-surround suprathreshold discrimination"). In these experiments, observers are highly trained but naïve to the purpose of the experiments. Usually they need to discriminate whether the stimulus presented is A or B by rating their certainty. Stimuli are isolated or surrounded, higher or lower contrast, higher or lower luminance, in or out of phase, in same or different plane, or first-or second-order (Hibbeler & Olzak, 2011; McKee, Verghese, & Farell, 2004; Olzak & Laurinen, 2005; Saylor & Olzak, 2006; Vreven, McKee, & Verghese, 2002) .
Overall, results of these studies share some features of surround suppression as well as crowding; however, they do not fit neatly into either one (Olzak, Hibbeler, Kramer, & Wagge, 2013) . For instance, similar to surround suppression (Petrov et al., 2005; Petrov & McKee, 2006) but not crowding (Levi, 2008; Whitney & Levi, 2011) , center-surround suprathreshold discrimination shows contrast loss (Olzak & Laurinen, 2005) . On the other hand, like crowding (Chung & Mansfield, 2009; Livne & Sagi, 2007 , center-surround suprathreshold discrimination also shows polarity or phase dependence (Olzak & Laurinen, 2005; Saylor & Olzak, 2006) which is not observed in surround suppression in detection (Petrov & McKee, 2006) . Together, these findings indicate either that current conceptualizations are not complete, or that they are not appropriate.
However, this does not necessarily mean we have to postulate a new type of "masking."
First of all, stimuli in these studies were presented in fovea, specifically under free-viewing conditions, rather than in periphery. Crowding in the fovea can inextricably entangle with masking (Levi, 2008; , which is likely to lead to + A T B different results compared with peripheral surround perception or peripheral crowding.
Furthermore, as those studies employed center-surround stimuli (usually used in surround suppression studies) and discrimination task (usually used in crowding studies), it is not surprising to manifest some characteristics of both surround suppression and crowding.
To determine whether those results fall more into surround suppression or crowding, a "critical test" is indispensable.
With regard to the visual processing mechanism, both first-and second-order systems have been proposed to explain visual information processing (Cavanagh & Mather, 1989; Lu & Sperling, 1995) . Unlike first-order carriers which are defined by differences in luminance (luminance-modulated, LM), second-order carriers are defined by differences in contrast or texture from its backgrounds (mostly contrast-modulated, CM). This distinction leads to varying attributes of the two types of carriers in terms of sensitivity of the visual system and underlying mechanisms. It has been shown that the sensitivity to first-order carriers is significantly higher than that to second-order carriers (Hess, Achtman, & Wang, 2001; Lewis, Kingdon, Ellemberg, & Maurer, 2007; Lin & Wilson, 1996) . In addition, extensive studies have suggested that first-and second-order stimuli are analyzed via different mechanisms, with first-order explained by a linear (Fourier) model and second-order by a filter-rectify-filter (FRF, non-Fourier) model (Ellemberg, Allen, & Hess, 2004; Lewis et al., 2007; Schofield & Yates, 2005; Wilson, Ferrera, & Yo, 1992; Zhou & Baker, 1993) . The FRF model posits that information is processed in a linear-nonlinear-linear form (See Graham 2011, for a review), probably including pooled gain control mechanisms and linear summing circuits that sum responses over wide ranges of either spatial frequency or orientation (Albrecht & Geisler, 1991; Heeger, 1993; Olzak & Thomas, 1999) . Though extensive studies have explored surround suppression using LM stimulus, only a few studies (Chung, Li, & Levi, 2007 , 2008a Nandy & Tjan, 2007) have investigated the crowding effect using CM stimulus.
The aforementioned findings regarding the distinctions between surround suppression and crowding (e.g., Farzin, Rivera, & Whitney, 2009; Nurminen, Kilpelainen, & Vanni, 2013; , however, are merely based on the first-order system. No one, to our knowledge, has ever used CM stimuli to compare crowding and surround suppression, though CM stimuli are vital to perception (Bertoncini et al., 2009; Shannon et al., 1995 Shannon et al., , 1998 . Therefore our second goal was to examine whether the second-order system would show the same pattern as the first-order system did.
A third goal of this study was to examine the perceptual learning transfer between first-and second-order fine orientation discriminations. Though first-and second-order stimuli are processed via separate mechanisms in the visual system (Ellemberg, Allen, & Hess, 2004; Lewis et al., 2007; Pavan, Campana, Guerreschi, Manassi, & Casco, 2009; Schofield & Yates, 2005; Wilson, Ferrera, & Yo, 1992; Zhou & Baker, 1993) , they share an early luminance filters (Chen, et al., 2009; Petrov & Hayes, 2010) . This makes the transfer of perceptual learning in one visual system to the other a likelihood. Indeed, some studies confirmed the existence of such transfers (Chen, et al., 2009; Chung, Li, & Levi, 2008b; Petrov & Hayes, 2010; Zanker, 1999; Schofield, Ledgeway, & Hutchinson, 2007 ; but see Vaina & Chubb, 2012) . However, it remains an open question whether this transfer is asymmetric (unidirectional, i.e., only from first-order to second-order or only from second-order to first-order) or symmetric (bidirectional, i.e, from first-order to second-order and vice versa). Most studies reported asymmetric transfer of perceptual learning between first-and second-order processing (Chen, et al., 2009; Chung, Li, & Levi, 2008b; Petrov & Hayes, 2010; Zanker, 1999; Schofield, Ledgeway, & Hutchinson, 2007) . In Petrov and Hayes (2010) , for instance, observers were first pretested in either a CM or a LM motion judgment task, then trained in the other task (i.e., LM or CM motion judgment task), and finally posttested for the task that had pretested. They showed that perceptual learning of CM motion could fully transfer to LM motion, but no significant transfer was observed vice versa. This unique direction of transfer (i.e., CM to LM) has been confirmed by other motion discrimination studies (Chen, et al., 2009; Zanker, 1999) .
However, others support the opposite result-learning transferred from first-order to second-order tasks, but not vice versa (Chung, Li, & Levi, 2008b; Schofield et al., 2007) .
One possible reason for the different results is that they used different tasks. Studies that showed CM to LM transfer examined motion discrimination (Chen, et al., 2009; Petrov & Hayes, 2010; Zanker, 1999) whereas LM to CM transfer examined motion aftereffect after adaptation (Schofield et al., 2007) and letter discrimination for amblyopic vision (Chung, Li, & Levi, 2008b) . In addition to asymmetric transfer, symmetric transfer between the two systems has also been found, though it was found in tilt-after-effect (Berkley, Debruyn, & Orban, 1994; Cruickshank & Schofield, 2004; Georgeson & Schofield, 2002) . For example, Cruickshank and Schofield (2004) showed both-way partial transfer of tilt after-effects between LM and CM cues using a tilt-after-effect (TAE)
paradigm. The transfer, though not due to perceptual learning, at least suggests the existence of a link (e.g., shared pathway) between first-and second-order visual system.
Taken together, the results on transfer of perceptual learning between first-and second-order processing are mixed. In the current study, we employed fine orientation discrimination with static grating to examine the transfer of perceptual learning between the first-and second-order systems.
In summary, in the current study we attempted to disentangle surround suppression and crowding, two frequently entwined phenomena in a fine, static orientation discrimination task. In Experiment 1 we used center-surround suprathreshold discrimination task and performed a "critical test" (Petrov, Popov & McKee, 2007) , to explore whether stimuli or tasks are the critical factor that differentiates surround suppression and crowding, or whether center-surround suprathreshold discrimination task involves a distinct mechanism. If task is the critical factor, an inward-outward asymmetry will be observed, as is found in crowding; if stimulus is the critical factor, an inward-outward asymmetry will not be observed, as is found in surround suppression. In Experiment 2, we attempted to examine whether the second-order system shared the same pattern as the first-order system. In addition, we sought to examine the perceptual learning transfer between first-and second-order systems.
General Methods

Observers
All observers were Miami University undergraduates, naive to the purpose of the experiment. Six observers participated in Experiment 1. Four of them were males (CJL, MTC, TBC and THO), the other two were female (KAY and JMM). Three observers (JMM, KLS and NRM) participated in Experiment 2. None had prior experience in crowding and surround suppression experiments. Before running the experiments, all received massive training with simple grating stimuli and considerable training with masked stimuli. In addition to these experienced observers, there were five untrained observers (ACT, KEC, QHY, ADL and HLX), serving as baseline group in the perceptual learning part of the study. All observers had normal or corrected-to-normal vision.
Apparatus
Grating stimuli, generated on a Dell Dimension XPS R450, were presented on a Viewsonic Professional Series PS775 17-inch monitor in a dim room. The mean luminance was set to 19.8 cd/m 2 . Gamma correction was applied to linearize the screen display via software, and an electronic summing circuit allowed for control of over 65,000 gray levels. The display resolution was 2 pixels per minute of visual arc, with a viewing distance of about 2.74 m to compensate for a larger pixel size. Responses were recorded by the same computer when observers pressed the keyboard.
Stimuli
The stimuli used in the two experiments were similar, both of which resembled those described in Petrov, Poppel and McKee (2007, Figure 1b minutes abutted the target, and was presented at a contrast of 0.5. To avoid observers' using positional cues, four phases (relative to stimulus edge) were randomly chosen and intermingled in a given session. Mask and test patch were always in phase relative to each other; each phase was used in both left and right pairs. Relative to the fixation point, the annulus was either facing inward or outward. Fixation points were to the left of the target by 9 degrees in one replication of the experiment, and to the right in another replication in Experiment (foveal viewing was used in Experiment 2 when we found that observers could not do the task 9 degrees peripherally).
The amount of tilt was determined individually for each observer prior to the beginning of the experiment. Because the masking effect was so large, and a floor effect had to be avoided in order to determine any asymmetry in performance between the inward and outward masks, the chosen values led to quite high performance values in some individuals in the control conditions.
Training Procedure
Before running the actual experiment, all observers (not including the five observers who provided baseline data) were trained with grating stimuli (LM grating in Experiment 1 and CM stimuli in Experiment 2). The training condition was the same as the control condition except for the magnitude of tilting orientations. Training began with an easy orientation discrimination task, with the grating either tilted to the left or to the right.
Then the orientation magnitude of tilting was gradually and systematically made smaller with the progress of training. On a given trial, one of the two gratings to be discriminated was presented. Confidence ratings about the orientation of the grating were measured on a 6-point scale. Values between 1 and 6 indicated varying degrees of certainty that the leftward-tilted or rightward-titled grating had been presented. A rating of 1 or 6 indicated very high confidence of left-and right-tilted orientation were presented, respectively; a rating of 2 or 5 indicated less confidence of left-and right-tilted orientation were presented, respectively; and a rating of 3 or 4 indicated they were not quite sure, but would guess left-or right-tilted orientation, respectively. Training session proceeded until the performance of each participant stabilized at our criteria (d' stabilized at around 1.5-2.0).
Procedure
Experiments 1 and 2 share similar procedures. Each experiment consisted of three conditions: a control condition and two test conditions. In the control conditions, isolated grating stimuli were presented; under inward and outward mask conditions, targets were surrounded by half-annulus on the inner and outer sides respectively. In Experiment 1, fixation points, displayed 9 degree either on the left or right side of the stimuli (fixation and stimuli were presented on separate monitors), were present throughout the whole trial duration. Observers were required to focus on the fixation all along. In Experiment 2, foveal viewing was used when we found that observers could not do the task 9 degrees peripherally.
On each trial, a single stimulus was presented for 500 ms, accompanied by a middle-pitch tone. Observers needed to perform an orientation discrimination task on 
Experiment 1: Luminance Modulated Stimuli
In Experiment 1, we attempted to elucidate which factor, stimuli or task, differentiate surround suppression and crowding. In the experiment, a hybrid stimulus-task pair was used. The stimulus was large surround annuli which was commonly used in surround suppression studies whereas the task was discrimination which was usually used in crowding task. Since the hybrid has components from both surround suppression and crowding, it makes sense that characteristics from both phenomena would display. But which factor is more critical? If an inward-outward asymmetry is observed as is found in crowding, task is the critical factor, and this type of center-surround suprathreshold discrimination should more resemble crowding. On the contrary, if an inward-outward asymmetry is not observed as is found in surround suppression, stimulus is the critical factor and center-surround suprathreshold discrimination more resemble surround suppression.
The stimuli used in Experiment 1 were first-order luminance-modulated, very similar to those described in Petrov, Poppel and McKee (2007, Figure 1b was abutted by a hemi-circular annulus with a radius of 80 minutes, and was presented at 50% contrast. All stimuli were luminance modulated.
Results
Performance under different conditions (isolated, inward and outward) was measured in d' and is shown in Figure 3 (See Appendix for more specific individual data). Figure 3 shows observers' performance in d'. The first six columns showed the data for individual observers, whereas the last one shows the data averaged over the six observers. First, a one-way repeated measures ANOVA was carried out for each individual, which showed no consistent pattern across all observers. Planned comparisons showed that four observers (i.e., JMM, MTC, TBC and THO) did not show significant difference between outward and inward masking; the other two (i.e., CJL and KAY), however, showed larger inward masking effect, t (17) = 5.08, p < .001, t (17) = 4.90, p < .001, and t (8) = 3.563, p < .01, respectively. This masking effect was in the opposite direction of that in crowding (see Discussion for possible explanations). To evaluate the overall effect of condition, 18 replications from each individual (12 from JMM) were averaged, followed by a one-way repeated measures ANOVA. The result showed a significant effect for condition, F (2, 10) = 11.34, p < .01. Further analysis showed that overall d' under inward masking condition was significantly smaller than that under outward masking condition, t (5) = 2.85, p < .05. In addition, the performance of each observer was significantly better in the control condition than in the test conditions (inward and outward), indicating strong masking effects for all individuals (all ps < .05). 
Performance with LM stimuli
Experiment 2: Contrast Modulated Stimuli
Overall Experiment 1 showed individual differences in inward-outward asymmetry with LM stimuli: four out of six observers showed no inward-outward asymmetry, while the other two showed reversed inward-outward asymmetry. However, the result was based on LM stimulus alone. Given the differences between the processing of CM and LM stimuli (i.e., second-vs. first-order system), it would be informative to know whether the two visual systems show the same inward-outward asymmetry. In Experiment 2, we 
Right fixation
Inward inhibition
Outward inhibition attempted to replicate the experiment with CM stimuli to further examine whether stimulus or task was the critical factor that differentiated surround suppression and crowding. Moreover, we sought to investigate the communication between the first-and second-order systems by examining the perceptual learning transfer between the two visual systems using fine orientation discriminations with static gratings.
Initially most parameters were identical to those used in Experiment 1 (the grating patch was 4 cpd and had a 40-minute diameter; the hemi-circular annulus had a width of 80 minutes; stimuli were presented 9 deg peripheral; monocular viewing), except that the stimuli here were contrast modulated, with a modulation depth of 0.1 for the patch and 0.5 for the hemi-circular annulus. However, observers could not do the task. They reported that they could not see clear pattern. This might because of a lower sensitivity of the visual system to the second-order carrier than that to first-order (Hess, Achtman, & Wang, 2001; Lewis, Kingdon, Ellemberg, & Maurer, 2007; Lin & Wilson, 1996) . We had to raise the contrast to 0.4 and went to foveal, binocular viewing. The stimuli used in Experiment 2 are shown in Figure 5 . The procedure was the same as Experiment 1. 
Control condition
Test condition
Results
Performance with CM stimuli
Performance is plotted in Figure 6 . Like the analysis adopted in Experiment 1, a one-way repeated measures ANOVA was conducted to examine the effect of the three conditions (isolated target, left mask and right mask) for each individual observer. Results showed no significant differences for any individual, ps < .5. 
Perceptual learning transfer
Observers who took part in Experiment 1 reported that they had a much harder experience with CM than LM gratings. Actually, the final thresholds were approximately 10 times larger for second-order stimuli (LM defined orientation thresholds were 0.4 -0.5). Figure 7 shows an observer's performance progress during training. 
Discussion
The results of the present study can be summarized as follows:
(1) Strong masking effects were observed for both inward and outward masking.
(2) Experiment 1 showed individual differences in inward-outward asymmetry with LM stimuli: whereas some observers showed reversed inward-outward asymmetry, others showed no significant asymmetry.
(3) Overall, there was an inward-outward asymmetry. However, the direction of the asymmetry was the opposite of that found in crowding (i.e., inward showed greater masking in the present study).
(4) Experiment 2 showed observers could not do the fine orientation discriminations 9 degree peripherally. Foveal viewing results showed no difference for left-and right mask conditions.
(5) There was both-way transfer of perceptual learning between first-and second-order systems.
Surround suppression or crowding?
In peripheral vision, an outward-facing flanker produces a stronger crowding effect than an inward flanker (Bouma, 1973; Manassi et al., 2012; . By contrast, surround suppression, showed no sign of asymmetry effect (Nurminen et al., 2013; . Therefore, the presence of an inward-outward asymmetry, as a unique attribute of crowding, can be regarded as a hallmark of crowding (Petrov, Poppel, & McKee, 2007) . Based on this rationale, this study employed a "hybrid stimuli-task" to examine whether stimulus or task was the critical factor that differentiates crowding and surround suppression. Results showed that the inward-outward asymmetry effects varied from one observer to another. Some observers showed no significant asymmetry, whereas others showed a significant inward-outward asymmetry. Intriguingly, the asymmetry was in opposite direction to that commonly reported: the inward, rather than the outward, flanker produced a larger masking effect. In other words, some observers showed "reversed inward-outward asymmetry". When averaged across observers, the reversed asymmetry effect still existed.
This finding was not in line with that in either surround suppression or crowding.
One possible reason for the result in the current study derives from the special "hybrid of stimulus and task". Nurminen et al. (2013) found that the type of stimulus plays an important role in determining whether or not inward-outward asymmetry occurs.
For the specific half-annulus inward or outward surround we used here, it was the size in the visual field rather than the size of the corresponding cortical representations that determined the suppression strength (Nurminen, Kilpelainen, & Vanni, 2013) . This finding can partially explain our results in terms of the absence of inward-outward asymmetry that some observers showed.
According to Pelli (2008) , crowding is a result of cortical constraint, and the representation of the space on cortical surface of V1 is a function of the logarithm of that in visual field (i.e., cortical magnification). It follows that the outward mask is closer to the target than inward mask in the cortex, even though their visual distances in visual field are equivalent (Motter & Simoni, 2007) . This theory could perfectly explain the inward-outward asymmetry commonly reported (i.e., outward masking induces a stronger suppression effect than inward masking does), but not our finding in this study. For the reversed inward-outward asymmetries that some observers showed, in reality, are completely in violation of the cortical magnification explanation. Larger outward inhibition showed in previous research is not to say, though, that the inward mask dominants every aspect of crowding. Actually, opposite to the asymmetry commonly reported for flanker interference, the inward mask plays a more important role in flanker confusion. When participants are asked to identify the central target, they are more likely to mistakenly report the inward over the outward flanker (Huckauf & Heller, 2002 ). This finding is recently replicated in a crowding study (Strasburger & Malania, 2013) , in which the authors argued that the inward confusion complemented rather than contradicted the inward-outward asymmetries most studies found. It indicated "the different contributions to the crowding effect can have different characteristics", and is the reason why "results on the asymmetry are sometimes not clear-cut" (Strasburger & Malania, 2013) . Though the finding of larger inward confusion could not explain the reversed asymmetry the current study found, it indicates that the inward mask is more important than outward mask at least in certain aspect.
A possible reason for the reversed asymmetry is the locus of spatial attention. It is well documented that attention plays an important role in crowding (Chen et al., 2014; Mareschal, Morgan, & Solomon, 2010; Petrov & Meleshkevich, 2011a , 2011b Poder, 2006; Scolari, Kohnen, Barton, & Awh, 2007; Strasburger, 2005; Yeshurun & Rashal, 2010) . Consistent with the current study, Petrov and Meleshkevich (2011a) also found large individual differences in terms of crowding strength, with half of the observers showed no asymmetry. While their overall inward-outward asymmetry effect across observers was significant and the direction of the asymmetry was the same as commonly reported, it was much weaker than those reported in other studies (e.g., Bex, Dakin, & Simmers, 2003) . They found that the weak asymmetry effect was due to presenting the stimulus at a single location, to which observers could fully allocate their attention. In their control experiment, stimuli were simultaneously presented to left and right of the fixation point. In this case, the inward-outward asymmetry effect became very strong.
Thus the authors proposed that crowding asymmetry can be strongly influenced by attention allocation (Petrov and Meleshkevich , 2011a) . This finding was further supported by another of their studies (Petrov & Meleshkevich, 2011b) . In this study they found that spatial attention was usually mislocalized to the outward side of the target, so outward masking was stronger than inward masking. When attention was diffused, the asymmetry effect disappeared (Petrov & Meleshkevich, 2011b) . Therefore, the locus of spatial attention may in part determine inward-outward asymmetry. In our study, observers who showed the reversed asymmetry effect might somehow allocate their attention to inward of the target when performing the tasks. Therefore, the larger suppression effect of inward flankers in the current study might be a result of the shift of locus of attention.
In summary, our striking finding of the reversed inward-outward asymmetry suggested that the asymmetry effect was more complicated than we predicted.
Center-surround suprathreshold discrimination cannot be simply classified as either surround suppression or crowding. In addition to the effects of stimulus and task, attention might be playing a role in generating the current results. Alternatively, our particular combination of task and surround may reveal a new phenomenon that differs from either surround suppression or crowding.
Perceptual learning transfer between first-and second-order systems
While it is well documented that first-and second-order stimuli are processed by different pathways (e.g., Ashida, Lingnau, Wall, & Smith, 2007; Lu & Sperling, 1995) , a wide variety of transfers such as perceptual learning of motion (e.g., Petrov & Hayes, 2010; Zanker, 1999; Zhang & Yang, 2014) , tilt after-effects (Cruickshank and Schofield, 2004) , motion aftereffect (Schofield et al., 2007) between the two systems indicate that they are not completely separated but share some common mechanisms. The transfer showed in the current study also confirmed the link between the two systems.
Furthermore, we showed both-way transfer, which was in accordance with Cruickshank and Schofield's (2004) finding.
Many models have been proposed to explain first-and second-order processing (e.g., Benton, 2002; Chen, et al., 2009; Grzywacz, Watamaniuk, & McKee, 1995; Petrov & Hayes, 2010) . Our result could be accommodated by a dual-pathway model (Chen, et al., 2009; Dosher & Lu, 2006; Petrov & Hayes, 2010; Wilson et al., 1992 ; See Figure 9 ). At the first layer, both first-and second-order stimuli are processed by a bank of first-order linear filters such as spatial-frequency and temporal frequency filters at V1 (Dosher & Lu, 2006) . Then the two pathways are separated: whereas the first-order signal goes directly to the template analysis, the second-order goes through additional processes before its signal finally being analyzed by second-order template. Specifically, second-order signal is processed by a non-linear rectification which generates components not present in the first-order pathway, and then this rectified signal is further smoothed by a group of second-order texture filters at V2 or higher (Lin & Wilson, 1996) . After template analysis, signal in both pathways reaches its final decision layer. Therefore this model suggests that first-and second-order pathways are partly separated, with a shared early luminance filters. Dosher and Lu (2006) posit that signal processing is largely limited by internal and external noises, as well as the strength of the connections between layers, yet these limits could be mitigated through perceptual learning (Dosher & Lu, 2006; Hua et al., 2010; Lu, Hua, Huang, Zhou, & Dosher, 2011; Sagi, 2011) . When observers are trained with CM stimulus, both linear and non-linear processes are strengthened or re-weighted, it follows that the perception of LM stimulus which only involves linear process is also strengthened (Chen et al., 2009 ). This explains the transfer from CM to LM. When observers are trained with LM stimulus, the overlapping layer, linear filters, is
strengthened, yet other layers in the second-order pathway (i.e., non-linear rectification and second-order filters) which is critical to the processing of second-order stimulus are not strengthened. According to Chen et al. (2009) and Petrov & Hayes (2010) , there will not be transfer from LM to CM. However, this transfer was observed in the current study.
One possible reason is the different tasks used in the present and other studies. In the current study, an orientation discrimination task was used. Orientation is primarily processed in V1 (Hubel & Wiesel, 1962 , 1968 , so it is likely that perceptual learning of both first-and second-order orientation discriminations (as in our study) rely heavily on the improvement the sensitivity of neurons in V1. Thus when observers were trained with LM orientation discrimination, improvement mostly occurs at V1 (or the first-order linear filtering layer). When they are presented with CM gratings, a more reliable signal from the first-order linear filtering layer would feed onto the second filtering layer, which may facilitate the processing of CM orientation discrimination (Chung et al., 2008b) . By contrast, most studies showing asymmetry transfer used a motion discrimination task (Chen et al., 2009; Petrov & Hayes, 2010; Zanker, 1999) . Motion is mainly processed in V3 and V5 (Braddick et al., 2001; Dubner & Zeki, 1971) , thus perception of first-and second-order motion relies on the improvement of the sensitivity of neurons not only in V1, but also in V3 and V5. However, training with LM only improves the sensitivity of neurons in V1, but not that in V3 and V5. Taken together, non-linear processes (i.e., non-linear rectification and second-order texture filters) taking place in V2 and higher level cortex are more likely to set a bottleneck on motion discrimination than on orientation discrimination. This might be an important reason for the higher transfer in our study than that in other studies.
Location specificity in perceptual learning
Many studies have showed that perceptual learning is location and feature specificity (Crist, Kapadia, Westheimer, & Gilbert, 1997; Gilbert, Sigman, & Crist, 2001; Hussain, Sekuler, & Bennett, 2009; Karni & Sagi, 1991; Schoups, Vogels, & Orban, 1995; Shiu & Pashler, 1992; Yu, Klein, & Levi, 2004) , which refers to the finding that learning transfers little to an untrained retinal location or features. However, evidence has showed that the degree of learning specificity is more complicated-it may be mediated by task difficulty (Ahissar & Hochstein, 1997) , task precision (Jeter, Dosher, Petrov, & Lu, 2009 ) and training procedure (Xiao et al., 2008) . For instance, Xiao et al. (2008) developed a "double training" paradigm in which observers were trained with a task (e.g., contrast discrimination) at one location, simultaneously or followed by an additional training with a different task (e.g., orientation discrimination) at a different location. It was found that this additional training enabled a full transfer of the trained task (i.e., contrast discrimination) to the second location. This finding has been confirmed by Yu and colleagues (Wang, Zhang, Klein, Levi, & Yu, 2014; , who also showed that learning could transfer to new feature using "training-plus-exposure" paradigm (J. Y. . In our study, peripheral viewing was used for LM orientation discrimination and foveal viewing for CM orientation discrimination. Our result showed bidirectional transfer between LM and CM stimuli even without employing "double training", which further challenged the location specificity of perceptual learning. The underlying mechanism of the transfer of perceptual learning across retinal locations is still unknown, yet this study, together with other studies (J. Y. Wang, Zhang, Klein, Levi, & Yu, 2014; , may indicate that higher-level brain areas beyond the retinotopic are also involved in perceptual learning (J. Y. Xiao et al., 2008) .
Conclusions
The present study attempted to examine whether stimulus or task is the critical factor that differentiates surround suppression and crowding, using the inward-outward asymmetry as an indicator. The experiment with the first-order stimuli showed individual differences. Whereas some observers showed no inward-outward asymmetry, others
showed an inward-outward asymmetry, and across observers there was also an inward-outward asymmetry. Intriguingly, this asymmetry was in opposite direction to that commonly reported (i.e., stronger inward rather than outward masking effect was observed in current study). This striking finding of the reversed inward-outward asymmetry in center-surround suprathreshold discrimination cannot be wholly predicted by either surround suppression or crowding. It may be that our particular combination of task and surround reveals a new phenomenon that differs from either surround suppression or crowding. Although observers failed to complete the task when the first-order stimuli was replaced by the second-order stimuli, a secondary study on perceptual learning showed both-way transfer of perceptual learning between the firstand second-order systems in the fine orientation discrimination task.
The trend of each observer's performance was shown below (Figures A1 and A2 ).
The top six graphs showed the trends when the fixation was on the left side, and the bottom five showed the trends when the fixation was on the right side. The numbers on the X-axis indicated the 9 replications that observers participated in the experiment. 
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